I nfarct size (IS) and myocardial salvage are important determinants of clinical outcome after myocardial infarction (MI) and are most accurately assessed with cardiovascular magnetic resonance (CMR). 1 The size and extent of MI on late gadolinium enhancement (LGE) CMR have prognostic value in the chronic setting.
ECV Maps to Quantify IS and AAR myocardium, 5, 6, 9 but thresholding to define cut-offs of ECV to quantify AAR and IS has not been investigated.
The purpose of this study was to (1) determine ECV thresholds for AAR and IS, (2) investigate whether acute ECV maps can be used to quantify the AAR (determined by T2W images during acute setting), (3) determine whether acute ECV maps perform better than LGE imaging to predict actual IS at 3 months, and (4) investigate the association of acute ECV maps to viability at 3 months. 10 
Methods

Study Population
Patients presenting with acute ST-segment-elevation myocardial infarction (STEMI) were prospectively recruited from a single UK tertiary center (study design: Figure 1 ). The inclusion criteria were first-time acute STEMI revascularized by primary percutaneous coronary intervention within 12 hours of onset of chest pain. Acute STEMI was defined as per current European and American guidelines. 11 Exclusion criteria included previous MI or coronary artery bypass grafting, cardiomyopathy, estimated glomerular filtration rate <30 mL/min per 1.73 m 2 , haemodynamic instability (requiring on-going intravenous therapy or respiratory support), and contraindication to CMR imaging. After primary percutaneous coronary intervention, all patients received standard post-MI secondary prevention therapy 12 at the discretion of the treating physician and were enrolled in a cardiac rehabilitation program if they were deemed suitable.
Ethics Approval
The study protocol was approved by the National Research Ethics Service (12/YH/0169) and complied with the Declaration of Helsinki, and all patients gave written informed consent.
Cardiac Catheterization
Coronary angiography and revascularization were performed in a standard fashion according to current best practice guidelines.
12 TIMI (Thrombolysis In Myocardial Infarction) flow grades were assessed visually as described previously after coronary angioplasty. 13 
Cardiovascular MRI
All patients had CMR imaging at either 1.5 Tesla (Ingenia; Philips, Best, The Netherlands) or 3.0 Tesla (Achieva TX; Philips, Best, The Netherlands) within 72 hours (median 48 hours) of their index presentation and were invited to attend for a further CMR study at 3-month follow-up. A dedicated cardiac phased array receiver coil was used (1.5 T: 24 channel; 3 T: 32 channel).
Image Acquisition and Analysis
In-depth details on CMR acquisition methods and T1 analysis and quality assurance checks are included in the Data Supplement.
ECV Mapping Analysis
ECV maps were generated for the 3 slices (base, mid, and apex) from pre-/post-contrast T1 maps and hematocrit using standard techniques.
14 The endo-and epicardial contours were outlined to define myocardium ( Figure 2 ). Similar to the T2W and the LGE imaging, the IS and AAR estimation included any hypointense core (microvascular obstruction with/without intramyocardial hemorrhage).
Validation of ECV Thresholds
Validation of ECV threshold is detailed in the Data Supplement.
Follow-Up Scans
Follow-up scans were planned at 3 months after the index event.
Patients were scanned at 3 months at the same field strength as the baseline scan. IS was estimated using the most validated method to estimate chronic IS: the full-width at half-maximum method. 15 Segmental infarction using a 16-segment model 16 was assessed from LGE images, and a >75% volume of infarction per segment was considered transmural and the segment classified as nonviable. 17 The number of nonviable segments was recorded for each patient. Adverse left ventricular (LV) remodeling was defined as an increase in LV end-systolic volume of ≥15% at follow-up.
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Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics 21.0. Continuous variables are expressed as mean±SD. Normality of quantitative data was established using the Shapiro-Wilk test. Demographic comparisons were performed with an independent samples t test (continuous variables) and by χ 2 test (categorical variables). A repeated measures ANOVA was performed on demographic and different field strength CMR. Paired sample t test was used for validation of ECV thresholding to the reference methods. Scanner field strength was a covariate in all linear correlation analysis to the reference method. Agreement between the different tests for IS and AAR is expressed as bias according to the Bland-Altman analysis 19 and intraclass correlation coefficient. For paired comparison of the IS, nonparametric Wilcoxon test (paired samples) was used. Univariate analysis was performed for each variable separately. Stepwise multivariate linear regression was used for parameters with statistical significance from 1-way analysis (P<0.1). All statistical tests were 2 tailed; P values <0.05 were considered significant.
Results
Patient Characteristics
Seventy patients were considered for inclusion, of which 50 had baseline and follow-up CMR (Figure 1 ). Patient demographics are presented in Table 1 .
Validation of ECV Thresholds
Validation results are presented in the Table 2 . For the quantification of acute AAR, all ECV thresholds (32%, 33%, and 34%) were similar when compared with the reference Figure 1 . Study design. CMR indicates cardiac magnetic resonance; ECV, extracellular volume; and STEMI, ST-segment-elevation myocardial infarction. ECV Maps to Quantify IS and AAR method of T2W imaging. However, ECV threshold of 33% demonstrated the least absolute error and coefficient of variability. For the quantification of final IS, ECV thresholds of 46% demonstrate the least absolute error of 10.1% when compared with the final IS on follow-up LGE imaging. Therefore, ECV thresholds of 33% and 46% were used in the prospective analysis to quantify AAR and IS, respectively (Table 2 ). Area at risk (AAR) quantification. Case 1, Anterior acute myocardial infarction by T2-weighted (T2W) imaging (applying full-width at half-maximum thresholding), native T1 maps (applying 2SD thresholding), and extracellular volume (ECV) maps (applying >33% threshold). The AAR quantified by all 3 methods is comparable. Case 2, infarct size (IS) quantification (nontransmural infarction) demonstrates acute IS by late gadolinium enhancement (LGE) imaging seems to be transmural, whereas acute ECV maps demonstrate less transmurality (red zone is >46%) and follow-up LGE imaging confirms viability in the inferior segments (<50% transmural). Case 3, IS quantification (near transmural infarction) demonstrates near transmural infarct acutely on LGE imaging and ECV maps and also on follow-up LGE imaging. Values are mean±SD, n (%), median (interquartile range). BMI indicates body mass index; CMR, cardiac magnetic resonance; CP, chest pain; ECV, extracellular volume; PCI, percutaneous coronary intervention; STEMI, ST-segment-elevation myocardial infarction; and TIMI, Thrombolysis In Myocardial Infarction.
*Killip classification of heart failure after acute myocardial infarction: class I, no heart failure; class II, pulmonary rales or crepitations, a third heart sound, and elevated jugular venous pressure; class III, acute pulmonary edema; and class IV, cardiogenic shock.
†Multivessel coronary artery disease was defined according to the number of stenoses of at least 50% of the reference vessel diameter by visual assessment and whether or not there was left main stem involvement. ECV Maps to Quantify IS and AAR
AAR Characteristics
AAR characteristics are listed in Figure 3 ). Using Annona statistics, there was no significant association between AAR methods (T2W imaging, P=0.77; 33% ECV thresholding method, P=0.64) and number of days to CMR study.
Myocardial Salvage Index
Myocardial salvage index (MSI) based on T2W imaging and T1 mapping demonstrated poor correlation with follow-up LV ejection fraction (R=0.07, P=0.6; R=0.06, P=0.6; Figure 4 ). MSI based on ECV map demonstrated modest correlation to follow-up LV function (R=0.52, P<0.001).
IS Characteristics
Baseline infarct characteristics are listed in Table 3 and did not differ between the 2 field strengths. IS estimated from LGE images at the acute scan using the 5SD method overestimated final IS at the follow-up scan (P<0.0001). IS estimated from acute ECV maps using a 46% threshold did not differ significantly from LGE-defined IS at follow-up (P>0.05). The IS on acute ECV maps demonstrated excellent linear correlation (R=0.96; 95% CI, 0.92-0.98; P<0.0001) to the IS at follow-up. IS estimated by acute LGE imaging (full-width at half-maximum) also correlated with final IS but with a lower R value than ECV maps (R=0.87; 95% CI, 0.8-0.9; P<0.01; Figure 3 ). Moreover, the ECV maps demonstrated superior agreement to final IS (bias, 1.9; 95% CI, 0. 
Per Segment Viability Characteristics
Of the 800 segments, 32 (4%) were nonviable on followup LGE images. On per patient-based analysis, 14 (28%) 
Adverse LV Remodeling
Adverse LV remodeling occurred in 8 (16%) patients. The IS based on acute ECV maps was significantly different in patients with/without adverse LV remodeling (17±13% versus 30±13%; P=0.01). Differences in IS based on LGE were not statistically significant (26±14% versus 37±14%; P>0.05; Figure 6 ). Acute ECV maps demonstrated slightly higher, not statistically significant, AUC than LGE imaging for predicting adverse LV remodeling at follow-up (AUC, 0.77; 95% CI, 0.6-0.9 versus AUC, 0.71; 95% CI, 0.5-0.9; P=0.12).
Regression Analysis
Regression analysis is presented in 
Discussion
The present study demonstrates that acute ECV maps offer a robust and reliable alternative to acute T2W imaging and T1 maps to quantify the AAR (at an ECV threshold of 33%) and to acute LGE imaging to quantify the final IS at follow-up (at an ECV threshold of 46%). Second, ECV maps are superior to acute LGE imaging in terms of agreement with final IS. Third, IS quantified by ECV maps is strongly associated with the number of nonviable segments at 3-month follow-up, and IS by ECV maps is significantly higher in patients with adverse LV remodeling. Fourth, MSI derived from ECV maps better predicts LV function on follow-up than MSI derived from T2W imaging and T1 maps.
Multiparametric Tissue Characterization
In a previous pilot study, we demonstrated that the signal intensity on LGE imaging cannot be used to quantify the extent of extracellular matrix expansion. 20 Native (noncontrast) T1 maps are sensitive, among others, to myocardial edema, protein deposition, and changes in lipid/iron content 14 ; native T1 maps do not directly inform us however about the intra-/extracellular composition of the myocardium. Moreover, even though quantification of native T1 is highly reproducible, it varies between field strengths, vendor platforms, and mapping sequences. 21 ECV is a measure of extracellular matrix expansion, which is related to mechanical, electric, and vasomotor dysfunction.
14 Hence, ECV maps add incremental diagnostic value to quantify global/focal myocardial fibrosis, which is mainly a process in the extracellular matrix. Furthermore, ECV values are independent of the field strength of the CMR scanners. 
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ECV Mapping in Acute and Chronic MI
Previous studies have explored ECV in both acute and chronic MI. 5, 6, 9, 23 In a porcine model of acute MI, Jablonowski et al 6 demonstrated that LGE imaging overestimated IS by 23% as compared with histopathologic findings and that this overestimation is because of higher ECV in the peri-infarct region or the border zone between necrosed and edematous myocardium ( Figure 7 ). They reported that the ECV in this border zone was significantly different to the ECV in the remainder of the AAR region (48.3±4.4% versus 32.4±3.2%; P<0.01). The border zone ECV in the present clinical study (38.6±2.4%) was lower than in this previous study even though we ran validation tests to define the ECV thresholds informed by their biopsy findings. This can potentially be explained by the fact that pigs were imaged far more acutely than our patient cohort (6 versus >24 hours). ECV in the border zone drops rapidly in the first few days post-acute MIs edema regresses. 6 In a more recent study, Hammer-Hansen et al 5 demonstrated that the extent of gadolinium enhancement in patients with acute MI is modulated by the extracellular space and the contrast kinetics in the injured myocardium and consequently contributes to the overestimation of IS by LGE imaging. Another pertinent finding was that the ECV of the infarcted myocardium, computed using the different post-contrast T1 maps at different time points, ranging from 5 to 20 minutes after the contrast injection, remained similar. This may explain why ECV is more reliable to quantify the IS acutely versus the LGE imaging, which heavily depends on timing of the acquisition post-contrast delivery.
Ugander et al 9 explored the use of ECV in patients with chronic infarct and demonstrated significantly higher ECV (51±8%) in the infarct zone. Another key finding of their study was that remote myocardial ECV, where there was no hyperenhancement on LGE imaging, increased concurrently with a decrease in ejection fraction (R=−0.50; P=0.02), suggesting that ECV provides insights into subclinical myocardial pathology. This study raises the possibility that the pattern of ECV in the infarcted and remote myocardium changes from the acute to the chronic setting.
More recently, in a study that recruited 131 patients with acute STEMI, Carberry et al 24 confirmed that remote zone ECV (assessed by region of interest) is inversely related to ejection fraction (P<0.001) and δ-ECV of the remote zone was associated left ventricle volume at follow-up. Bulluck et al 25 investigated the use of automated segmental ECV in acute MI and additionally demonstrated that patients with higher remote myocardial ECV on acute presentation were more likely to have adverse remodeling of their left ventricle. Moreover, recent evidence from our group suggests that the The present study adds to this existing evidence and shows that acute ECV maps offer a new quantitative thresholding tool to quantify both AAR/IS reliably and accurately.
Limitations
The present study has limitations. The sample size in the present study is not large, nevertheless is comparable to published research studies in this patient population and also inter-/intraobserver variations are low for multiparametric CMR. Of the 70 patients identified at initial recruitment, 50 patients were recruited, possibly introducing a selection bias (Figure 1) . A key limitation of T1 mapping for clinical application is the error because of partial volume contamination from blood. The segmented modified look-locker inversion recovery sequences used in the present study have been shown to be precise and reproducible. 27 They are widely available and are relatively mature. However, magnetization transfer significantly affects inversion recovery sequences. Despite this, the estimate of apparent inversion recovery time is a sensitive measure, which is established to characterize myocardial tissue and discriminate disease. In addition, different T1 mapping schemes were used to derive ECV on 1.5-T and 3-T systems. To address this in the study, we investigated all correlations between the reference method and ECV thresholds while controlling for scanner type. Finally, the differences in the LV coverage between all the reference methods and ECV maps may introduce some bias. Irrespective of the scanner type and sequences used, the results demonstrated reliability of using ECV thresholding method over standard LGE.
Conclusions
This study demonstrates that ECV maps in patients with acute reperfused STEMI permit reliable quantification of AAR, MSI, and final IS at follow-up. Furthermore, acute IS by ECV maps is independently associated with the number of nonviable infarcted segments at follow-up. Acute IS by ECV maps is significantly higher in patients who go on to develop adverse LV remodeling. Only ECV maps-derived MSI were associated with final LV function. Therefore, acute ECV maps offer enhanced early tissue characterization, quantification, and clinically relevant prognostic information over standard LGE imaging. . Short-axis illustration of the left ventricle demonstrating acute infarct size is overestimated using acute late gadolinium enhancement (LGE) imaging. On extracellular volume (ECV) maps, it is possible to differentiate 3 zones in the territory of acute myocardial infarction: the area at risk (AAR), the border zone (zone with extensive peri-infract edema and possible islets of cell injury, which recovers overtime), and the actual infarcted zone (necrosed myocardial tissue that does not recover on follow-up [FU]). 
